
Chapter 1

Epidemiology of Renal Cell Carcinoma

Xifeng Wu and Xiang Shu

Abstract The incidence of kidney cancer has been increasing for the past several

decades. It ranks the second most common neoplasm found in the urinary system.

The majority of kidney cancers are renal cell carcinomas (RCC, >85 %), and of

these, clear cell tumors are the most common histologic type. Higher incidence is

observed in industrialized western countries compared to less well-developed

nations. Gender and ethnic disparity are observed for RCC. Current consensus is

that cigarette smoking, hypertension, and obesity are three established risk factors

for RCC. However, the exact biological mechanisms that underlie for these risk

factors are still not fully elucidated. Energy balance that incorporates effects of

energy intake and expenditure has attracted much attention in recent years. Diet/

intake of nutrients, energy consumed, level of physical activity, and weight change

could jointly affect RCC risk. Other risk factors that have been implicated include

type II diabetes and other chronic medical conditions, occupational/environmental

exposures, parity, and number of offspring. Recent genome-wide association stud-

ies (GWAS) have identified multiple chromosome regions harboring RCC suscep-

tibility loci. A number of intermediate phenotypic markers, such as suboptimal

DNA repair capacity, short telomere length, and low mitochondrial DNA copy

number, have been shown to be associated with risk of RCC. The discovery of

additional genetic susceptibility loci through next-generation sequencing (NGS)

and intermediate biomarkers using various “omics” approaches, as well as the

identification of gene–environment and gene–gene interactions, will all be impor-

tant next steps to improve our understanding of RCC etiology.
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1.1 Introduction

The kidney plays an essential role in maintaining body homeostasis. Essential

functions include regulating electrolyte and fluid balance, filtering waste, and

helping regulate blood pressure. The kidney is divided into the parenchyma and

collection system. The parenchyma is composed of the renal cortex and renal

medulla. The collection system includes calyces and renal pelvis. Renal cell

carcinoma (RCC) accounts for more than 85 % of all kidney cancers with the

remainder being renal pelvis carcinoma (approximately 10 %) and other rare

malignancies [1]. The majority of RCC has clear cell histology (ccRCC), followed

by papillary, chromophobe, and other rare histologic subtypes. It is speculated that

RCC subtypes possess distinct etiologies.

The incidence of kidney cancer ranks 9th and 14th among all cancers diagnosed

in men and women worldwide, respectively. The age-adjusted incidence rate is

6 per 100,000 in males and 3 per 100,000 in females. The age-adjusted mortality

rate is around 2 per 100,000 and 1 per 100,000 in males and females, respectively.

The incidence of kidney cancer varies considerably by region, with much higher

rates in North America, Europe, and Oceania than in Asia, South America, and

Africa (Table 1.1) [2]. For example, North America has the highest age-adjusted

incidence (11.7 per 100,000), which is fourfold the rate reported for Asia (2.8 per

100,000).

In the United States, kidney cancer is the sixth most common cancer in men and

eighth most common in women, with an estimated 63,920 new cases and 13,860

deaths in 2014 [3]. The age-adjusted incidence rate in men (21.0 per 100,000

person-years) is nearly twice as high as in women (10.6 per 100,000 person-

years). Likewise, the mortality rate of men (5.8 per 100,000 person-years) is double

that of women (2.6 per 100,000 person-years) [4]. During the past three decades, the

incidence rate of kidney cancer has been steadily increasing at over 2 % per year

(Fig. 1.1). The rise in incidence has been more rapid in blacks than in whites,

especially in males. In contrast, mortality rates have been indiscriminate among

blacks and whites since the early 1990s [5]. This raises the possibility that early-

stage tumors with improved prognosis account for the excess in kidney cancer

incidence among blacks. The etiology of RCC differs from that of other kidney

cancers, and RCC is the major histologic type; thus, we only focus on epidemiology

of RCC for the remainder of this chapter, and kidney cancer and RCC are used

interchangeably.

Several modifiable risk factors have been established for RCC, including obe-

sity, cigarette smoking, and hypertension [1]. There is a rapidly growing body of

evidence showing that energy balance may play a critical role in the development of

the disease. However, due to inconsistent results reported by different studies, more

solid evidence is needed to establish the association of RCC risk with energy intake,

diet/nutrients, physical inactivity, and weight change. Other potential modifiable

risk factors for which association is inconclusive include alcohol consumption, type

II diabetes, occupational or environmental exposures, etc.
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Systematic study of genetic variants is promising with the advent of genome-

wide association study (GWAS) and next-generation sequencing (NGS). A few

RCC susceptibility loci have been identified through recent GWASs which focus on

common variants (minor allele frequency>0.05). Currently, four susceptibility loci
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Fig. 1.1 Trends in

age-adjusted incidence of

kidney cancer by race and

sex, 1974–2009 (Based on

nine areas: San Francisco,

Connecticut, Detroit,

Hawaii, Iowa, New Mexico,

Seattle, Utah, and Atlanta

[3]. The rate is age-adjusted

to the 2000 US Standard

Population)

Table 1.1 Age-adjusted

incidence and mortality (per

100,000) of kidney cancer

worldwide

Continents Incidence Mortality

North America

Male 15.5 3.7

Female 8.3 1.6

Both 11.7 2.6

Europe

Male 12.3 4.8

Female 5.9 1.9

Both 8.8 3.1

Oceania

Male 11.0 2.8

Female 5.3 1.3

Both 8.0 2.0

Latin America & Caribbean

Male 4.7 2.5

Female 2.5 1.2

Both 3.5 1.8

South America

Male 5.1 2.8

Female 2.7 1.3

Both 3.8 2.0

Asia

Male 3.8 1.7

Female 1.9 0.9

Both 2.8 1.3

Data is obtained from GLOBOCAN 2012, http://globocan.iarc.fr/

Default.aspx
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have been confirmed by large global consortiums. Although GWAS has been

successful in identifying susceptibility loci that are replicable, the total heritability

explained by these loci is small. Additionally, a large proportion of single nucleo-

tide polymorphisms (SNPs) are located in noncoding areas. The functions of

tagging SNPs or SNPs in high linkage disequilibrium in these regions are not

fully understood. On the other hand, thanks to the advent of next-generation

sequencing and lowering costs, we are now able to identify variants with low and

rare frequency (minor allele frequency of 0.1–1 % and <0.1 %, respectively) but

larger effect size. Furthermore, intermediate phenotypic biomarkers are also being

evaluated for their utility in predicting the predisposition of the disease. A number

of intermediate phenotypic biomarkers in peripheral blood leukocytes (PBLs) have

been linked to RCC risk, such as mitochondrial copy number change, telomere

length, and suboptimal DNA repair capacity. Less is known about the etiologic role

played by gene–gene and gene–environment interactions that could explain some

extent of missing heritability. In this chapter, we review the current state of

knowledge on the epidemiology of RCC in detail.

1.2 Modifiable Risk Factors

1.2.1 Cigarette Smoking

Cigarette smoking has been recognized as a causal risk factor with moderate effect

on RCC. As early in the 1960s, one hospital-based case-control study has linked

tobacco use to RCC risk for both genders [6]. The association was significant in all

types of tobacco users. Since then, various studies have confirmed the association in

both case-control and prospective cohort studies. A large meta-analysis of 5 cohort

and 19 case-control studies reported a 50 % increase in RCC risk among male

smokers and a 20 % increase among female smokers. A dose–response relationship

between the number of cigarettes smoked and RCC risk was reported for both

genders. Smoking cessation should be promoted because an approximate 15–30 %

reduced risk was observed in both men and women who stopped smoking for more

than 10 years [7]. The attributable risk percentage (AR%) of smoking calculated

from population-based case-control and cohort studies is comparable (21 vs. 23 %),

which indicates that more than one fifth of RCC could be prevented in the general

population if they had no exposure to smoking. Although smoking is primarily a

lifestyle factor in ever smokers, it is an environmental exposure to never smokers.

One study showed that patients who were never smokers were more likely to report

exposure to environmental tobacco smoking (ETS) either at home or in public

[8]. However, interpretation of these results requires caution due to the likelihood of

recall bias and the relatively small sample size.

A number of potential mechanisms linking smoking to the development of RCC

have been proposed [1]. Cigarette smoke contains more than 60 carcinogens and
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most of them are formed during combustion [9]. One crucial mechanism of linking

tobacco carcinogens with cancer is through the formation of DNA adducts. Benzo

[α]pyrene (BaP), a polycyclic aromatic hydrocarbon (PAH), was the first carcino-

gen found in cigarette smoke, and its carcinogenicity has been confirmed in animals

and humans. However, the level of BaP is much lower in cigarette products

nowadays, and its carcinogenicity is weaker compared to some other PAH com-

pounds [10]. Considerable evidence has linked cigarette-smoke nitrosamines such

as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), N0-nitrosonornicotine
(NNN), and aromatic amines such as 4-aminobiphenyl to several cancer types.

However, little supporting evidence has been gained from studies of kidney cancer.

Only two studies have been conducted, and these data suggest that peripheral

lymphocytes derived from patients with RCC are more sensitive to NNK or

benzo[α]pyrene diolepoxide (BPDE) than those derived from healthy controls

[11, 12]. In addition, smoking-induced chronic hypoxia of renal tissue caused by

carbon monoxide exposure, tubulotoxicity, increased oxidative stress, and endo-

thelial cell dysfunction are all hypothesized to increase RCC risk [1].

Due to the great efforts in the campaign to target smoking cessation and changes

of policy in public health, the overall prevalence of cigarette smoking has declined

over the past several decades in the United States. By contrast, incidence rates of

kidney cancer have steadily increased at more than 2 % per year since the 1970s.

Thus, it is presumed that smoking is unlikely to be a major contributor to the rising

RCC incidence trends observed in this country.

1.2.2 Hypertension

The prevalence of hypertension in US adults has remained quite stable since the

1990s [13]. Over this period, there has been considerable improvement in aware-

ness and control of the disease, and this may translate into benefits of reduced

comorbidity for hypertensive patients in the future. Hypertension is a confirmed

risk factor for development of RCC. Although hypertension is highly correlated

with obesity, sufficient data supports its independent effect. A cohort study found

that elevated systolic and diastolic blood pressure may predispose to development

of RCC in a clear dose–response manner [14, 15]. A meta-analysis of 18 studies

showed a significant 1.6-fold increased risk of RCC associated with hypertension

[16]. It is difficult to isolate the contribution of antihypertensive medication use

from history of hypertension because of the solid correlation between the two.

Many observational studies have reported the hazardous impact on kidney cancer

risk by taking antihypertensive medicine [16–18]. However, results from other

studies indicated that instead of medication use, the excess risk is attributable to

history of hypertension. For example, both systolic and diastolic blood pressure

were associated with elevated risk of RCC when the analyses were restricted to

non-antihypertensive medication users [19]. Clinical trials also showed no effect

of taking antihypertensive medicine on cancer incidence [20]. The biological
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mechanisms that relate hypertension to RCC are still not fully understood. The

renin–angiotensin system (RAS) plays an essential role in regulation of blood

pressure and convincing evidence indicates that angiotensin II (Ang II) is involved

in processes of cell proliferation, migration, angiogenesis, and inflammation

[21]. Interestingly, slower development of tumor was observed in a xenograft

mouse model of RCC when treated with captopril, an angiotensin-converting

enzyme (ACE) inhibitor [22]. Furthermore, it is hypothesized that renal injury

and metabolic or functional changes resulting from hypertension-induced chronic

renal hypoxia and lipid peroxidation may subsequently raise renal susceptibility to

carcinogens.

1.2.3 Energy Balance

1.2.3.1 Obesity

More than two thirds of US adults are overweight or obese [23]. Obesity has been

linked to many chronic diseases including cancer. The association of obesity and

breast cancer (postmenopausal), endometrial cancer, colon cancer, esophageal

cancer, pancreatic cancer, and kidney cancer are well established [24, 25]. In the

United States, about 40 % of RCCs are estimated to be attributable to being obese/

overweight [5]. Interestingly, the effect of obesity has been reported to be specific

for clear cell and chromophobe RCC histologies [26]. Although misclassification

remains an inevitable limitation, body mass index (BMI) is widely accepted and

used as a measure of obesity. Meta-analysis of prospective cohort studies has

showed that each 5-unit increase in BMI contributes an approximate 24–34 %

increase in risk of RCC for men and women [27]. From a statistical point of view,

the effect size did not vary across ethnic groups, particularly in men. One interest-

ing debate is at which period of life does being obese contribute most to the disease

(i.e., childhood, adolescent, young adulthood, mid-age adulthood). One cohort

study with more than 120,000 participants found association with BMI at baseline

(aged 55–69 years) but not with BMI at age 20 years [28]. However, several studies

have found that high BMI in adolescents may also confer excess risk [29–

31]. These adolescent cohorts collected anthropometric measurements at baseline

[29, 30]. BMI calculated from measured weight in the adolescent cohorts was more

accurate than BMI calculated from recalled weight at their early ages by partici-

pants who are enrolled in most of the adult cohorts. It may provide more convincing

evidence that obesity in early ages is associated with RCC risk.

Weight/BMI gain during adulthood is considered to be another risk factor for

RCC that is independent of BMI per se, as reported in previous observational

studies [1, 28, 31, 32]. The relationship is still inconclusive mainly due to

confounding from obesity and inconsistent results. Similarly, weight/BMI gain

relied on recalls from participants at enrollment for most of the studies that the

misclassification remains an issue. A longitudinal study with multiple assessments
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of weight and adequate adjustment of BMI would be valuable to disentangle the

complicated interplay. However, such a study is difficult to conduct in practice.

Likewise, the effects of other related factors, such as weight cycling and waist–hip

ratio, are also tightly correlated with BMI so their independent influences are

difficult to assess.

Various mechanisms have been proposed for the association between obesity

and cancer. Increased mass of adipose tissue is not the only change that occurs in

obese subjects. Levels of circulating adipokines and sexual hormones are altered as

well. Additionally, it appears that higher concentrations of insulin and increased

levels of insulin resistance were observed in subjects with abnormal BMI. Exten-

sive data has linked leptin, adiponectin (inversely), hyperinsulinemia, as well as

insulin-like growth factor (IGF) and its binding proteins to tumorigenesis through

stimulation of cell proliferation, angiogenesis, and inhibition of apoptosis

[24, 33]. Elevated circulating levels of pro-inflammatory cytokines, such as

interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α), chronic tissue hyp-

oxia, lipid peroxidation, and increased oxidative stress have also been hypothesized

to connect obesity to cancer. A limited number of studies have investigated the

underlying mechanisms relating obesity to RCC. Two case-control studies showed

contrasting results of association between serum leptin and RCC risk [34, 35]. Sim-

ilarly, the association of adiponectin with RCC remains inconclusive [34, 36,

37]. Reverse causation may affect the validity of retrospectively designed studies.

Prospective cohort studies with large sample size and nested case-control studies

are warranted for the confirmation of previous findings.

1.2.3.2 Diet and Alcohol Consumption

On average, one third of cancers are estimated to be attributable to diet and nutrition

[38]. Western diets are criticized for high intake of calories, meat and saturated fats,

and their link to obesity and other chronic diseases. Incidence rates of RCC in the

American Asian population are more than twofold that observed in Asian countries

[2, 4]. Apparently, acculturation, such as changes in diet, is more likely to lead to

the discrepancy rather than alterations in genetics.

High energy intake is a potential risk factor for RCC. However, due to its tight

correlation with BMI, the association is still controversial. Several studies that

evaluated energy intake and its association with RCC risk reported inconsistent

results, even with adequate adjustment of BMI and other confounders [28, 39]. Var-

ious components of diet and nutrients in foods have been assessed for RCC risk.

Although one recent study restricted to Caucasian male smokers showed no evi-

dence of association [40], high fruit and vegetable consumption was associated with

a >30 % reduction of RCC risk in a pooled analysis of 13 cohort studies [41]. It is

interesting to further isolate the specific vegetable or fruit that drives the associa-

tion. Suggestive inverse associations were found for highest quartile of cruciferous

vegetables and whole citrus fruits consumption when compared to the lowest

category [42, 43]. Furthermore, high intake of dietary fiber was also inversely
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associated with RCC risk in a previous study [43]. Antioxidants may play a

protective role in cancer development, although the reported associations of anti-

oxidant nutrients including carotenoids and vitamins A, C, and E are inconsistent

[41, 42, 44, 45]. Another speculation is that B vitamins and other components of the

one-carbon metabolisms pathway which are important for DNA repair mechanisms

in the body could partially explain the inverse association for fruits and vegetables.

One cohort study reported that higher vitamin B6 level in plasma is in relation to

both RCC incidence and survival [46].

Meat consumption may confer increased risk. A meta-analysis of cohort studies

found that intake of fat and protein or their subtypes were not associated with RCC

risk after adjusting for BMI, fruit and vegetable intake, and alcohol consumption

[47]. In contrast, more recent studies have suggested a link and underscored the role

of heterocyclic amines (HCAs), and polycyclic aromatic hydrocarbons (PAHs)

found in meat cooked at high temperature [48, 49]. The intake of dietary acrylamide

which is concentrated in baked and fried carbohydrate-rich foods was reported to

confer a 60 % increased risk of RCC in a case cohort study in the Netherlands [50].

Regarding alcohol, moderate consumption was reported to be inversely associ-

ated with the risk of RCC [51]. A 28 % reduction in risk was observed in people

who consumed >15 g per day of alcohol (equivalent to 1–2 drinks/day). No further

reduction was observed for additional increases in consumption [52]. A recent large

prospective cohort study has found a dose–response effect for alcohol consumption

[53]. The protective effect is likely to be attributable to improved insulin sensitivity

and antioxidant compounds contained in alcoholic beverages. The associations with

intake of other beverages, such as coffee, milk, and tea, are inconsistent [1, 54].

Due to the high dimensions of nutrition data and collinearity among food items/

nutrients, PCA (principal component analysis) and factor analysis are adopted for

the purpose of data reduction. Interactions between different food items/nutrients

are taken into account in this type of analysis. Suggestive evidence showed that

patterns of “alcohol drinking” were inversely associated with RCC risk [55], and

high-calorie, high-protein, and high-fat food patterns conferred an increased

risk [56].

1.2.3.3 Physical Activity

Physical activity accounts for a large proportion of daily energy expenditure, which

affects the status of energy balance of individuals. Most studies have focused on

non-occupational or leisure-time physical activity and its association with cancer

risk. Reduced RCC risk was reported by a number of observational studies for

people with high level of physical activity [1]. Meta-analysis using the random

effect model found an inverse association when comparing high levels to low levels

of physical activity [57]. The heterogeneity seen across studies in the meta-analysis

may be partially attributable to the differences in measures of physical activity

between studies that included leisure-time physical activity during the past year,

frequency of physical activity during a certain period, hours spent on physical
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activity per day or per week, and metabolic equivalent task (MET) values. Although

such differences were not statistically significant, the magnitude of estimations

based on frequency or duration of physical activity appeared to be stronger than that

estimated by METs or qualitative physical activity. Occupational physical activity

studies are scarce and have mixed results [58, 59]. The beneficial effect of physical

activity on RCC is likely to be mediated by reduction in body weight/ BMI, lowered

blood pressure, changes to adipokines, alleviation of insulin resistance, and an

improved profile of inflammation and oxidative stress.

1.2.4 Other Medical, Occupational, and Environmental
Factors

Type II diabetes mellitus (DM) could be a risk factor for RCC independent of

obesity/BMI. A meta-analysis that adjusted for obesity/BMI, alcohol consumption,

and smoking has shown that a history of type II DM significantly confers higher

predisposition of RCC [60]. However, only a few of the individual studies were

further adjusted for history of hypertension that residual confounding may distort

the association. In women, parity increases disease risk when compared to nullip-

arous, and a dose–response effect for parity number was significant in a meta-

analysis [61]. Inflammation and elevated oxidative stress through pregnancy-

induced physiologic changes, pregnancy-associated weight gain, and high levels

of circulating estrogens have all been hypothesized as underlying mechanisms.

There are other reported risk factors with inconclusive associations, such as

end-stage renal disease, long-term hemodialysis, acquired renal cystic disease,

use of statin and aspirin, and occupational and other environmental exposures

[1, 62].

1.3 Genetic Susceptibility

1.3.1 Hereditary Kidney Cancer Syndrome

Compelling evidence supports genetic susceptibility to RCC. The risk of RCC is

two to three times higher in individuals who have first-degree relatives with kidney

cancer [63]. In addition, familial aggregation is seen in approximately 3 % of

kidney cancer patients with inherited kidney cancer syndromes. Of these, the von

Hippel–Lindau syndrome (VHL) is by far the most commonly recognized familial

cancer syndrome associated with kidney cancer [64]. Other major familial kidney

cancer syndromes include hereditary papillary renal cell carcinoma (HPRC), hered-

itary leiomyomatosis renal cell carcinoma (HLRCC), and Birt–Hogg–Dubé syn-

drome (BHD) [65], which are caused by mutations in the c-Met proto-oncogene,
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FH (fumarate hydratase), and FLCN (folliculin), respectively. Interestingly, VHL,
FH, c-Met, and FLCN are all involved in the pathways that respond to nutrient

stimulation and cell metabolism, indicating kidney cancer is a metabolic

disease [66].

1.3.2 Candidate Gene Approach

Most of the early candidate gene studies involved small numbers of cases and

controls, and very few of the initially reported positive susceptibility alleles have

been replicated in subsequent validation studies [67]. With regard to RCC, candi-

date gene studies reported many positive associations with single nucleotide poly-

morphisms (SNPs) in genes involved in xenobiotic metabolism, DNA repair, cell

growth/apoptosis, inflammation, and other pathways [1]. None of the previously

reported candidate SNPs has been replicated in large independent studies.

1.3.3 Genome-Wide Association Study (GWAS)

The advent of GWAS in recent years has revolutionized the study of cancer associ-

ation. Unlike the hypothesis-driven candidate gene approach, GWAS is a discovery-

driven, agnostic approach that does not depend on prior knowledge of SNPs and

genes. It thoroughly screens up to millions of common SNPs across the entire

genome. Due to the multiple testing of SNPs in the screening phase, to increase

validity of the results, stringent Bonferroni correction (P-value < 5�10�8) and

multistage follow-up validations with large sample sizes are required.

Three recent GWASs identified four novel genetic susceptibility loci that

mapped to 2p21 (EPAS1), 11q13.3 (a CCND1 transcriptional-enhancer site),

12p11.23 (ITPR2), and 2q22.3 (ZEB2) [68–70]. The observed effect size of each

genetic locus is relatively small, which is expected for common variants. Two

validated SNPs are located in intron 1 of EPAS1 (endothelial PAS domain-

containing protein 1) on chromosome 2p21. However, the putative function of

these SNPs is still unclear. EPAS1 encodes HIF-2α, which is a biologically plau-

sible causal gene in the VHL/HIF pathway. Thus, GWAS results provide further

support for the involvement of EPAS1 in RCC etiology. Interestingly, although the

SNP found in 11q13.3 is not close to any gene with known function (>50 kb), the

locus is hypothesized to be a transcriptional-enhancer site of CCND1 (encoding

cyclin D1) [71]. Another locus maps to ITPR2 (inositol 1,4,5-trisphosphate recep-

tor, type 2) on 12p11.23. Interestingly, the same SNP has also been identified as

being associated with waist–hip ratio in another GWAS [72]. Finally, the locus on

2q22.3 is mapped to ZEB2 (zinc finger E-box-binding homeobox 2) that functions

as a DNA-binding transcriptional repressor. Future pooled analysis of GWAS data

with larger sample size will undoubtedly identify additional common RCC

susceptibility SNPs.
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1.3.4 Next-Generation Sequencing

The emergence of next-generation sequencing (NGS) provides a unique opportu-

nity to discover rare variants that may explain some extent of the missing herita-

bility in complex diseases. However, current NGS studies of kidney cancer have

been mostly focused on profiling somatic mutations, while large-scale NGS studies

using germline DNA have not been conducted. For example, a whole-exome

sequencing (WES) study of tumor tissues has identified the SWI/SNF chromatin

remodeling complex gene PBRM1 (polybromo 1) as the second most frequently

mutated gene in ccRCC [73]. Another study reported that the tumor suppressor gene

BAP1 (BRCA1 associated protein-1) could be used to define a new class of RCC

[74]. With more than 400 tumor samples, The Cancer Genome Atlas (TCGA)

identified 19 significantly mutated genes. Integrative analyses highlighted the

importance of previously well-known pathways such as the VHL/HIF pathway,

chromatin remodeling pathway, and PI3K/AKT/mTOR pathway [75]. Future NGS

study using germline DNAmay focus on identifying rare mutations, which can play

critical role(s) in kidney cancer development.

1.3.5 Intermediate Phenotypic Assays for RCC Susceptibility

Intermediate phenotypic biomarkers have the advantage of measuring aggregated

effects of genetic variations and have larger effect size than individual SNPs. The

suboptimal DNA damage/repair capacity in PBLs that were challenged with dif-

ferent mutagens was shown to be associated with increased risk of RCC [11, 12,

76]. One study found BPDE (benzo[α]pyrene diol epoxide) induced lymphocytic

chromosome 3p deletion was associated with RCC risk [11]. Two other studies used

comet assays to show that the high sensitivity of PBLs to NNK (nicotine-derived

nitrosamine ketone)- and BPDE-induced DNA damage was associated with

increased risk of RCC [12, 76]. Another interesting phenotypic biomarker is

telomere length. Telomeres protect chromosomes from degradation and end-to-

end fusion. Short telomere length in PBLs was associated with increased risk of a

variety of cancers [77]. However, the association in RCC is inconsistent. Two case-

control studies found that shorter telomeres in PBLs to be associated with an

increased risk of RCC [78, 79] and one prospective nested case-control study failed

to confirm the association [80]. Mitochondrial DNA (mtDNA) copy number is

recently attracting great interest as a potential cancer susceptibility marker.

Decreased mtDNA copy number was shown to be associated with multiple types

of cancer. In two studies, lower mtDNA copy number in PBLs conferred an

increased risk of RCC [81, 82]. By contrast, a recently published prospective

study showed that a high copy number of mtDNA increased risk [83].

Caution is required when interpreting the results from the retrospective case-

control studies discussed above. Reverse causation is the major limitation for
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biomarker research using case-control study. It is inevitable due to the study design.

On the other hand, conducting a prospective cohort study is time consuming and

costly. A case-control study nested in a cohort study is a good alternative due to its

prospective design and cost efficiency.

1.4 Gene–Environment Interaction and Gene–Gene

Interaction

Gene–environment and gene–gene interactions have been proposed to account for

the missing heritability in chronic diseases such as cancer. However, convincing

evidence is still sparse for kidney cancer. One study found smoking had a more

pronounced effect on RCC risk in subjects with slow acetylator genotypes of

N-acetyltransferase 2 (NAT2). Although smoking is an established risk factor for

RCC, smokers with a genetically susceptible genotype in NAT2 could be potentially
targeted for primary prevention. Similarly, a significant interaction for occupational

pesticide exposure and polymorphisms in glutathione S-transferase M1 and T1

(GSTM1 and GSTT1) has been reported [84]. In addition, one recently published

study found a link between the American/Western diet pattern and RCC risk, and

the effect was modified by a previously reported GWAS risk locus [85]. The study

further emphasized the synergistic effect of genetic variants involved in diet/

nutrient metabolism and central obesity.

Evidence of gene–gene interaction is limited in RCC. In a meta-analysis, dual

null genotypes of GSTM1/GSTT1 were found to be significantly related to disease

but not when considered individually [86]. Four out of five studies with dual null

genotype data did not reach significance before pooling, demonstrating that small

sample sizes with insufficient power impede discovery of significant associations.

Importantly, further validation in prospective studies is required to consolidate the

findings presented above before any public health implication can be made.

1.5 Novel Biomarkers for RCC Risk and Early Detection

The utility of novel biomarkers include circulating microRNAs (miRNAs), global/

specific gene methylation, and metabolites in risk prediction, and early detection of

RCC is an active area of investigation.

MiRNAs are a class of noncoding RNAs of 18–25 nucleotides. They regulate an

estimated one third of all human genes. MiRNAs regulate gene transcription by

binding to the 30 UTR of target genes. They usually result in gene silencing by

triggering degradation of pertinent mRNA. Circulating miRNAs are highly stable

and protected from endogenous RNases and are promising biomarkers for cancer

risk, diagnosis, and prognosis [87]. One study on circulating miRNAs in RCC
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found an elevated level of miR-1233 in patients with this malignancy [88]. Although

its upregulation was validated in an independent population, the discriminatory

ability was lower than expected (area under the curve ¼ 0.588). Two recent studies

have also reported differential detection of several circulating miRNAs in RCC

patients compared to controls [89, 90] but the associations remain controversial

[91]. Thus, at present, circulating miRNAs as early diagnosis markers for RCC have

not yet been consistently identified. Differences in methods used for detection and

calculation may cause the inconsistencies. To confirm the utility of circulating

miRNAs as cancer risk predictors and early detection markers, prospective studies

are required with access to pre-diagnostic blood samples for marker evaluation.

Global DNAmethylation levels have been repeatedly reported as biomarkers for

risks of many cancers, including breast, bladder, colorectal gastric, lung, and

ovarian cancer [92–96]. Hypermethylation found in CpG islands near promoter

regions usually leads to gene inactivation, whereas hypomethylation confers higher

gene expression. Until recently, few studies have focused on the association of

methylation with RCC risk. One study reported that high LINE-1 (long interspersed

nuclear elements) methylation levels in leukocyte DNA, which serves as a surro-

gate of global cytosine methylation (5MeC) levels, were associated with RCC risk

[97]. The association was most pronounced in current smokers and the interaction

was significant. However, as only one third of methylation is estimated to occur in

repetitive elements across the genome, genome-wide methylation analysis in PBLs

could lead to a better understanding of epigenetic alterations that occur during RCC

development. Additionally, findings from tissue-based studies are also assisting in

understanding the tumorigenesis. Frequently methylated promoter regions were

found for nine genes in primary RCC tissues by genome-wide methylation analysis

[98]. TCGA data also revealed that VHL was epigenetically silenced in 7 % of

ccRCC samples [75].

Metabolomics is an “omics” approach that is attracting tremendous interest in

cancer research and biomarker discovery. It allows for study of metabolic break-

down products derived from cellular processes. Analyses of urine samples from

RCC patients and control subjects identified several potential biomarkers for

diagnostics, including acylcarnitine, quinolinate, 4-hydroxybenzoate, and gentisate

[99, 100]. Another study using serum samples also identified multiple potential

biomarkers that belong to lysophosphatidylcholines (LPCs) and enriched in several

pathways such as phospholipid catabolism, sphingolipid metabolism, and

glycerophospholipid metabolism pathways [101]. For kidney and other urinary

tract cancers, urinary markers may reflect the condition of the target organs directly

and enhance the opportunity for discovery of promising diagnostic and prognostic

markers specific to the urinary system. Once again, however, prospective studies

are required for the establishment of valid diagnostic biomarkers based on the

reports of previous studies.
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1.6 Conclusions

The trend of increasing incidence rates of kidney cancer has been observed since

the 1970s in the United States. The reason for this increase is not clear. The well-

established risk factors for RCC are obesity, history of hypertension, and cigarette

smoking. The increasing rate of obesity may partially explain the upward trend.

Recent GWASs have identified four genetic susceptibility loci for RCC, and more

common susceptibility SNPs are expected to be identified from pooled analysis of

GWASs. The future directions in identifying genetic susceptibility include GWAS

in different subtypes of RCC and in different races/ethnicities. Next-generation

sequencing of the exome as well as the whole genome of germline DNA promises

to identify rare variants for cancer susceptibility that could account for some of the

missing heritability and provide significant biological insight into renal carcino-

genesis. Integrative study design and analyses of multi-level “omics” data need to

be emphasized in order to advance research. Prospective studies are needed for the

discovery and validation of intermediate biomarkers. Additionally, conducting

more research on gene–environment and gene–gene interactions is an important

next step. Finally, a comprehensive risk assessment model integrating modifiable

risk factors, genetic susceptibility loci, intermediate phenotypic biomarkers, circu-

lating biomarkers, and gene–environment interaction will be needed to move

toward personalized risk assessment and cancer prevention.
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